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(57) Abstract 

An artificial foot (10) includes a compression-molded composite keel (12) made from aramid fiber-reinforced plastic 
for connection to a prosthesis and to a composite carbon-fiber spring (14) for improving the energy absorbing and relea- 
sing characteristics of the foot The spring (14) includes a pair of forwardly-extending composite spring members (14a, 
14b) capable of lateral movement with respect to each other. An auxiliary deflection spring or plate (20) is interposed be- 
tween the primary deflection plate (14) and the keel (12) and includes a forwardly-extending upwardly-oriented portion to 
aid in energy absorption and release during flexing of the foot. The plates (14, 20) are surrounded by a suitable abrasion 
resistaot material, such as a Kevlar sock, surrounded by a low density flexible foam urethane (24). A medium density flexi- 
ble from urethane wedge (22) is interposed beneath the heel portion (18) of the keel (12). The composite construction is 
surrounded by an outer shell (25) formed in the shape of a foot 
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PROSTHETIC FOOT 



Background of the Invention 

This invention relates to an artificial or 
prosthetic foot. More particularly, this invention 
relates to a prosthetic foot which incorporates 
improved energy storing capabilities by using an auxil- 
iary deflection plate. Still more particularly, this 
invention relates to a lightweight prosthetic foot 
which, with its energy storage capabilities, provides a 
smooth natural motion for the user. Still more partic- 
ularly, this invention relates to a prosthetic foot 
having an improved keel, spring structure, and method 
of manufacture which provides a lightweight, easy-to- 
use, yet sturdy S.A.C.H. prosthetic foot. 

A number of types of prosthetic feet are 
known to the art which attend to various problems 
relating to the structure, cosmetic appearance, weight, 
and energy storage and transfer characteristics of the 
foot. An early design of a prosthetic foot incorpor- 
ated a leather hinge across the ball of the foot with 
natural rubber positioned in a v-groove above the 
hinge. In use, the rubber member was compressed to 
store energy for the next step of the user. Later 
examples of such feet utilized various elastic materi- 
als acting as springs and energy absorbers. Thus, the 
notion that energy storage capabilities within a pros- 
thetic foot could be advantageous to an amputee is not 
new. Such a device today is unsatisfactory because of 
its weight at the furthest point from the knee center 
which creates a large moment resulting in high stresses 
about the knee and greater impact at full extension of 
the leg. Moreover, such a device does not provide the 
amputee with sufficient energy storage capabilities and 
is unacceptable cosmetically. 
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Another prosthetic foot introduced about 1960 
included an inner keel of wood surrounded by flexible 
foam plastic. The plastic has a sufficient density to 
permit limited resistance to bending, thus creating 

5 some energy storing characteristics* Later devices 
have improved upon this design by carving keels from 
solid r homogeneous plastic blocks in an effort to re- 
lieve some of the stresses on the flexible foam plastic 
and to allow somewhat greater energy storage character- 

10 istics. However, these solutions have not proven to be 
completely satisfactory because of the weight of the 
foot and the eventual failure of the flexible foam 
urethane. In U.S. Patent No. 4,177,525 an artificial 
foot construction is shown as having a rigid keel made 

15 from a molded plastic material with a metal reinforcing 
strip embedded within the plastic keel portion near the 
lower surface. The keel is surrounded by a typical 
flexible foam plastic material molded to the keel to 
form the outer surface of the foot. While this device 

20 has proven to be commercially acceptable, it remained a 
problem in the art to Up cove upon that artificial foot 
by incorporating significantly improved energy storing . 
capabilities, and selecting materials which made the 
device lightweight, yet sturdy, and capable of a long 

25 commercial life. 

In U.S. Patent Nos. 3,484,871 and 3,766,569 
the concept of utilizing leaf springs in an artificial 
foot is shown. An artificial foot having a solid in- 
elastic core preferably made of wood extends substan- 

30 tially the entire height of the foot. A front core 

portion extends forwardly of the main core to receive 
dn upwardly-offset, flat, spring seat for receiving a 
flat, elastic leaf spring made from a pair of spring 
plates of uniform gauge, width, and length, and 

35 arranged in a laminar form. A flexible plastic liner, 
preferably made of Teflon brand material, is interposed 
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between the plates. The strength and gauge of the 
spring plates is such that when the foot is flexed, 
such as when the weight of the wearer shifts forward 
over the ball of the foot in walking, the spring will 

5 flex about the ball of the foot and maintain its elas- 

tic properties to restore the toe of the foot to its 
original position after each walking step when the 
weight of the wearer is released, A protective webbing 
material, such as a Nylon brand material, is fitted 

10 between the lower spring plate and the sole to reduce 
wear, while the foot is surrounded by a resilient 
cover. 

Thus, it is an aim in this art to provide a 
lightweight prosthetic S.A.C.H. artificial foot made 
15 from materials and constructed to exhibit favorable 
walking and running characteristics. To this end, 
attention is particularly, given in this invention to an 
improved keel construction, the keel material, an 
improved spring construction, the spring material, and 
20 to a method of raaking the spring. 

Notwithstanding those feet La the art, it has 
remained a particular problem to improve upon the 
enargy transfer characteristics of the foot. Thus, is 
an overall objective of this invention to utilize an 
25 improved spring structure made from a composite mater- 
ial and having sufficient energy storing capability to 
meet the nea?1s of the user. 

It is another overall object of this inven- 
tion to provide a lightweight prosthetic foot of the 
30 type described having a strong, yet lightweight, rigid 
i compression molded composite keel. 

It is still another object of this invention 
to provide a prosthetic foot of the type described 
whio'i utilizes a laminate of a fiber-reinforced, carbon 
35 composite for the spring plates. 
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It is still another object of this invention 
to provide a prosthetic foot having a primary carbon- 
composite deflection plate and an auxiliary carbon- 
composite deflection plate for improving the energy 

5 storage and release characteristics of the foot/ while 
ensuring its light weight. 

These and other objects of the invention will 
become apparent from the detailed written description 
of the invention which follows, taken in conjunction 

10 with the accompanying drawings. 

Brief Summary of the Invention 

Directed to achieving the foregoing objects 
and overcoming the problems in the prior art, while 

15 improving the energy storage and release capabilities 
of an artificial foot with a lightweight construction, 
the artificial foot according to one aspect of the 
invention comprises a lightweight, yet rigid compres- 
sion-folded composite keel. The keel is manufactured 

20 from an aramid fiber-reinforced, Nylon brand, thermo- 
plastic having high impact resistance, and little com- 
pression set, while being resistant to fracture. The 
keel Is made from a bottom plate and a pair of opposed, 
upwardly-extending side walls fooaing hollow forwardly- 

25 and rearwardly-opened channels, foe receiving a light- 
weight material therein, and closed at its top by- an 
upp^r plate secured to the side walls. 

A primary deflection plate is made from a 
thermoset carbon, fiber-reinforced, multiple- layer, 

30 laminate secured to a lower, forward portion of the 
keel. An auxiliary deflection plate is interposed 
between the primary deflection plate and the keel and 
includes a forward, upwardly-curved portion at about 
the area of flexure of the foot. The graphite or car- 

35 bon composite material provides significantly improved 
energy storage and release capability over metallic 
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springs. Preferably, the carbon, flat spring is pro- 
duced with fibers oriented relatively longitudinally 
and transversely so that the short, forwardly extending 
flat spring may undergo a large amount of deflection 

5 while resisting stresses. The method of manufacture of 
the deflection plate by longitudinally and transversely 
orienting the fibers is also a significant feature of 
this invention. 

Alternatively, the auxiliary spring, menrher 

10. may be made from a plastic material secured to tfieA_ 

keel, or integrally formed with and oE the same- ntater- . • 
ial as the keel. 

The spring structure is preferably surrounded 
with a protective sock, preferably made: of a ICevlar 

15 brand material, about which a low-density, flexible 

thermoplastic material, such as foam urethane is molded 
to provide an attractive appearance for the foot. A 
medium density flexible foam urethane wedge is disposed 
beneath the heel portion of the foot. 

20 These and other features of the invention 

will also become apparent from a detailed written des- 
cription which follows. 

3rie ? : Sum mary of the Drawings 
25 In the drawings: 

Fig* 1 is a side cross-sectional view showing 
the components of the improved prosthetic foot accord- 
ing to the invention; 

Fig. 2 is a top plan portion of the foot of 
30 Fig. 1 taken along a lower portion thereof and showing 
the primary and auxiliary deflection plates; 

Fig. 3 is a view similar to Fig. 2 showing a 
top view of the keel secured to the deflection plates; 

Fig. 4 is another top plan view similar to 
35 Figs. 2 and 3 showing a protective sock surrounding the 
deflection plates; 
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Fig. 5 is an exploded perspective view of the 
keel structure according to the invention; 

Fig. 5 is a side view of the laminated spring 
plate construction, and 
5 Fig* 7 is a block diagram showing steps in 

the manufacture of the deflection plates of a composite 
graphite, fiber-reinforced material. 

Detailed Description of t he Preferred Embodiment 

10 In Figs. 1-4, a prosthetic foot according to 

the invention is designated generally by the reference 
numeral 10. The foot 10 includes a rigid, compression- 
molded composite keel 12 to which is secured a primary 
carbon deflection plate 14 by a fastening member 16 to 

15 a lowermost surface 18 of a lower wall of the keel 
12. An auxiliary composite deflection plate 20 is 
similarly secured to the surface 13 of the keel 12, 
intermediate the primary deflection plate 14 and the 
lowermost surface 18 of the keel 12. A medium-density, 

20 flexible, foam-urethane wedge 22 is located beneath the 
lower surface 18 of the keel 12, rearward oE the fas- 
tener 16. A low density flexible foam urethane member 
24 is provided about the keel and spring structure and 
is further surrounded by an aesthetically-appearing, 

25 cosmetically- true plastic covering 25 resembling a 
foot. 

The keel 12 includes a laterally-extending 
lower wall 30 defining the lower surface 18 and having 
a forwardly-extending portion 31, an intermediate, 

30 upwardly-extending portion 32 r and an rearwardly- 

extending portion 33. The angle of inclination in the 
rearward direction of the portion 32 is intermediate 
that of the forwardly-extending portion 31 and that of 
the rearwardly-extending portion 33. 

35 The keel 12 further includes a pair of 

opposed vertically-extending walls 35, 36 spaced apart 
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and defining a hollow channel open at its front and 
rear to define a receptacle for receiving a light- 
weight foam material 37 therein. The walls 35, 36 are 
joined at their uppermost top surfaces 35a, 36a by a 

5 top plate 38 having an opening 49 therein for receiving 
a connection to an artificial limb structure. Thus, 
the walls 35 and 36 when molded provided a unitary 
construction with the bottom plate 30 to define a box- 
shaped receptacle having an irregular shape which is 

10 closed by the top plate 38. Preferably, the top member 
38 has a pair of opposed, spaced recesses 41, 42 at its 
opposed edges for mating with upwardly-extending pro- 
jections 39,40 on an uppermost surface of the side 
walls 35, 36. 

^5 a pair of opposed bosses 59 are molded out- 

wardly of the side walls 35, 36 for receiving the fas- 
teners 16 in a secure, sturdy relationship. The top 
plate 38 preferably includes a downwardly-extending 
boss 48 having a metallic insert 49 for receiving a 

20 threaded member of the prosthesis. 

Preferably, the keel 12 is manufactured from 
an aramid, fiber-reinforced Nylon thermoplastic. These 
materials typically demonstrate extreme impact resis- 
tance, little compression set, and are sufficiently 

25 lightweight to reduce significantly the weight of the 
foot. By using this material for the keel 12, and in 
the hollow construction described, the keel is light- 
weight creating a smaller moment about the axis of the 
knee and thus causes significantly less impact at full 

30 extension of the prosthesis during walking or 

running. The structural design renders the keel 12 
highly resistant to fracture, in comparison to pros- 
thetic feet with wooden keels. The thermoplastic 
material also exhibits a very low compression set and 

35 water absorption characteristics, assisting in elimin- 
ating a problem of the foot becoming loose from the 
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remaining artificial limb or prosthesis at its attach- 
ment point as is common with keels manufactured from 
both wood and homogeneous plastics. 

As best seen in Fig. 6 the primary deflection 

5 plate 14 is made from a pair of thin fiber-reinforced, 
carbon deflection plates 14a f 14b; which ace slidable 
relative to each other about the Eastener 16. The use 
of a thermoset carbon-reinforced multiple-spring 14 
attached to the keel 12 provides significant advan- 

10 tages. Foremost, this material replaces the mechanical' 
function of both a flexible, foam, plastic, shell and 
other materials to share some of the other required 
load-bearing characteristics compared to some prosthe- 
tic feet known to the art. Such a design provides 

15 significant energy storage characteristics in compari- 
son with other designs, but with a lightweight material 
and small required volume, permitting the grouping of 
the plates to be fashioned in a design that allows the 
amputee to more closely demonstrate the gait of a nor- 

20 mal person. 

The strength of the structure when made from 
a graphite or carbon composite material exhibits signi- 
ficant advantages over conventional heat-treated 
steel. From a beam analogy, a beam can be considered 

25 to be composed of an infinite number of small diameter 
fibers running from end to end. A beam thus supported 
at each end will measurably deflect when a weight is 
applied to the middle of the beam to cause the beam to 
bow downwardly. The fibers On the outermost surface of 

30 the beam, i.e., the top and bottom flanges of the beam, 
undergo the greatest amount of stress because their 
compression at the top is at a maximum while the fibers 
on the lowermost or bottom surface of the beam will 
undergo the maximum tensile forces. Thus, the fibers 

35 on the lowermost portion of the bottom flange of the 
beam are subjected to the greatest amount of tensile 
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load so that the strength of these fibers determines 
the ultimate strength of the beam. The tensile 
strength of graphite composite fibers is about 250,000 
psi. while the tensile strength of steel is about 

5 80,000 psi. This differential means that the beam can 

be loaded with nearly three times the load of a steel 
beam before permanent deformation or fracture* In 
addition, the graphite composite has a significantly 
less weight per volume compared to steel. The density 

10 of the graphite composite is about .058 Ibs./cu. inch 

as opposed to 0.282 lbs./cu. inch for steel. Thus, the 
weight per unit volume of the graphite composite is 
only about 20% that of steel. Accordingly, a graphite 
beam will be about 15 times as resistant to deflection 

15 compared to a steel beam using the same material 

weights or, conversely, a graphite beam having the same 
resistance as a steel beam will only weigh about 1/15 
as much as the steel beam. Moreover, the modulus of 
elasticity oE the graphite composite is approximately 

20 that of the steel. 

The spring is made up, as described, from a 
• plurality of layers of unidirectional pre-preg graphite 
material which is commercially available with an epoxy 
and a removable backing. The composite is cured as is 

25 known in the art. Strips of such material are succes- 
sively laminated with the fiber direction oriented as 
described. 

The composite graphite flat spring is prefer- 
ably produced with fibers runaiag longitudinally and 

30 transversely, as shown diagrammatically in Fig. 7. 

When a percentage of transverse fibers are present, the 
composite has significant strength in the transverse 
direction. While this feature somewhat increases the 
weight of the composite flat spring 14, it regains 

35 significantly lighter. The weight of the graphite or 
carbon sprLag required to store energy in the foot 10 
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ls approximately 80 grams of a total foot weight of 480 
grams, while a steel spring to achieve the same affect 
would weigh approximately 580 grams of a 1080 gram 
foot. Since this is nearly twice the weight of any 

5 currently available prosthetic S.A.C.H. foot available, 
the weight is a crucial factor in the selection of the 
prosthetic feet to the user. 

Preferably, the auxiliary deflection plate 20 
is made from the same material. 

10 As shown in Fig. 7, a certain number of 

transverse fibers are necessary to give the laminate 
strength and directions other than the longitudinal 
. direction. By referring to the longitudinal direction 
as 0- degrees, as shown by the arrow 70, the composite 

15 is generally made by arranging fibers sequentially 

through multiple layers with the fibers oriented in the 
90 and 45 degrees directions, shown by the arrows 72 
and 74. Only a very few arrangements of fibers are 
needed to render the coiaposite with sufficient strength 

20 without additional useless weight. Preferably, 40% of 
the fibers run in the 0 degree direction, while 40% run 
in the* 30 degree direction, shown by arrow 65, and 20% 
run in the 90 degree direction. 

The auxiliary composite deflection plate 20 

25 has a first portion 60 extending in a relatively planar 
direction in contact with a corresponding portion of 
the primary deflection plate 14. The auxiliary com- 
posite deflection plate 20 preferably terminates an 
upwardly extending arcuate portion 62, located at about 

30 the natural area of transverse flexion of the foot. 
While the auxiliary plate is preferably «nade as a 
separate component of f iber-reinEorced graphite or 
carbon as described, alternatively it may be made of a 
plastic material to provide auxiliary spring action. 

35 Or, it may be made integrally with the keel of the same 
or different material as the keel. 
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The invention may be embodied in other speci- 
fic forms without departing from its spirit or essen- 
tial characteristics. The present embodiments are, 
therefore, to be considered in all respects as illus- 
trative and not restrictive, the scope of the invention 
being indicated by the claims rather than by the fore- 
going description, and all changes which come within 
the meaning and range of the equivalents of the claims 
are therefore intended to be embraced therein. 
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WHAT IT CLAIMED IS : 



1 1. An artificial foot comprising, in com- 

2 bination: 

3 a rigid keel portion comprising a rigid com- 

4 pression molded composite keel formed to define a cav- 

5 ity having a lower wall f a pair of upwardly-extending 

6 opposed side walls merging with said -lower wall to 

7 define therebetween a cavity foe ^receiving- a light- 

8 weight material therein, and a top portion, secured to 

9 the opposed side walls and extending- therebetweisi* said* 

10 top portion including means for securing: the* artificial 

11 foot to a prosthesis, said keel providing* sufficient 

12 compressive and lateral strength for the user of said 

13 foot; 

14 spcing means secured to a lower surface of 

15 said foot for providing energy absorption and release 

16 during flexion of the foot by the user; and 

17 a covering provided about said keel portion 

18 and spring means in the shape of a foot. 

1 2. The artificial foot as defined in Claim 

2 1 wherein said keel is made from an aramid fiber-rein- 

3 forced plastic material* 

1 3. The artificial foot as set forth in 

2 Claim 1 wherein the cavity of said keel is filled with 

3 a foam, plastic material, 

1 4. The artificial foot as set forth in 

2 Claim 1 wherein each of the side walls of said keel 

3 includes an upwardly-extending member, and said top 

4 portion is a cover plate which includes a corresponding 

5 recess for mating with said upwardly-extending, members. 

1 5. The artificial foot as set forth in 

2 Claim 1 wherein the lower wall of said keel includes a 
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3 first forwardly-extending portion, a second, interraed- 

4 iate, upwardly-extending portion for securing said 

5 spring means thereto, and a third rearwardly-extending 

6 portion extending aft of said spring means to define 

7 the heel portion of said foot. 

1 6. The artificial foot as set forth in 

2 Claim 5 wherein a medium density, flexible foam plastic 

3 material wedge is provided beneath said third portion 

4 of said keel. 

1 7. The artificial foot as set forth in 

2 Claim 1 wherein said spring means includes a primary 

3 deflection plate and an auxiliary deflection plate 

4 interposed between said primary deflection plate and 

5 said lower wall of said keel. 

1 8. The artificial foot as set forth in 

2 Claim 7 wherein said auxiliary deflection plate in- 

3 eludes a forwardly-extending upwardly-oriented portion 

4 acting as a second spring during flexure of said foot. 

1 9. The artificial foot as set forth in 

2 Claim 7 wherein said primary deflection plate includes 

3 at least a pair of deflection plates secured to said 

4 keel and forwardly-extending therefrom in the toe por- 

5 tion of said keel, said plates being relatively slid- 

6 able one with respect to the other. 

1 10. The artificial foot as set forth in 

2 Claim 7 wherein said primary deflection plate is made 

3 from a composite carbon-fiber material. 

1 11. The artificial foot as set forth in 

2 Claim 7 wherein each of said primary and said secondary 

3 deflection plates is made from a composite carbon-fiber 

4 material. 
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1 12. The artificial foot as set forth in 

2 Claim 9 further including an abrasion-resistant mater- 

3 ial interposed about said primary and secondary deflec- 

4 tion plates intermediate said deflection plates and 

5 said covering to inhibit abrasion of said covering 

6 therefrom. 

1 13. An artificial foot comprising: : 

2 a keel structurally adapted to be secured to 

3 a prosthesis of a user and having a lower surface 

4 thereof; 

5 spring means secured to a lower surface of 

6 the keel and forwardly-extending therefrom for provid- 

7 ing energy absorption and release during movement of 

8 the user, said spring means including a primary deflec- 

9 tion plate made from a composite laminate of carbon- 

10 fiber material. 



1 14. The artificial foot as set forth in 

2 Claim 13 wherein said composite carbon-fiber material 

3 has fibers oriented laterally and transversely for 

4 providing longitudinal and transverse' strength to said 

5 spring. 

1 15. The artificial foot as set forth in 

2 Claim 13 wherein said spring means further includes an 

3 auxiliary, composite laminate, deflection plate having 

4 an upwardly-extending portion located intermediate a 

5 length of said primary deflection plate at about the 

6 point of flexion of said foot to aid in energy absorp- 

7 tion and release during flexion of said foot. 



1 

2 
3 



16. The artificial foot as set forth in 
Claim 15 wherein said auxiliary composite deflection is 
made of a carbon-fiber laminate material. 
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1 17. In an artificial foot of the type com- 

2 prising a plastic covering, an intermediate flexible 

3 plastic material, and a rigid keel supporting a spring 

4 member, the improvement comprising an auxiliary spring 

5 member interposed between said spring member and said 

6 keel and having an upwardly-extending portion at about 

7 the point of flexure of said foot to aid in energy 

8 absorption and release during movement of a user. 

1 18* The artificial foot as set forth in 

2 Claim 16 wherein said auxiliary composite deflection 

3 plate is made from a carbon-fiber material. 

1 19. The artificial foot as set forth in 

2 Claim 17 wherein said primary deflection plats is made 

3 from a carbon-fiber material. 

1 20. A method of making a laminate for use as 

2 a spring member in an artificial foot, comprising the 

3 steps of: 

4 providing a fiber-reinforced carbon material 

5 having a fiber oriented in a linear direction-; 

6 laminating a plurality of fibers in the long- 

7 itudinal and tranverse directions according to a pre- 

8 determined pattern to construct a laminate with longi- 

9 tudinal and transverse strength; and 

IQ forming said laminate into a spring shape. 

1 21. The method as set forth in Claim 20 

2 wherein said predetermined pattern comprises about 40% 

3 of said fibers oriented in a longitudinal direction at 

4 0° relative to a reference axis; about 40% of said 

5 fibers oriented in an oblique direction at about 30° 

6 relative to said axis; and about 20% of said fibers 

7 oriented orthogonal to said axis. 
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